Mixotrophic growth of a thermoacidophilic iron-oxidizing, facultatively autotrophic bacterium is described. Rapid growth with sucrose, fructose, glucose and ribose required the concurrent oxidation of ferrous iron, which, it was concluded, provided most of the energy required for biosynthesis. Specific iron oxidation rate during growth and biomass production depended on the sugar supplied. About 20% of the cell carbon was obtained from C0,-fixation during growth on glucose. The presence of ribulosebisphosphate carboxylase indicated this to be fixed by the Calvin cycle. The kinetics and inhibition of glucose transport indicated uptake by diffusion and by energy-dependent processes. Sensitivity to fluoride indicated the possible involvement of a phosphoenolpyruvate-phosphotransferase system. Radiorespirometry, using specifically labelled glucose molecules, demonstrated that glucose was oxidized by the oxidative pentose phosphate cycle with further oxidation of glyceraldehyde 3-phosphate by means of the tricarboxylic acid cycle. Dehydrogenases for glucose 6-phosphate and 6-phosphogluconate were present but 6-phosphogluconate dehydratase and 2-keto-3-deoxy-6-phosphogluconate aldolase were not detected in cell-free extracts, showing absence of the Entner-Doudoroff pathway.
INTRODUCTION
Natural and man-made environments in which metal sulphide leaching occurs are acidic (pH 1-3) and self-heat because of the exothermic oxidation processes. These and other natural geothermal habitats have been the source of diverse isolates of moderately thermoacidophilic eubacteria capable of growing at the expense of iron-or sulphide mineral-oxidation (Le Roux et al., 1977; Golovacheva & Karavaiko, 1977 , 1979 Brierley & Lockwood, 1977; Brierley, 1978; Brierley et al., 1978 Brierley et al., , 1980 . At least some of these isolates were capable of autotrophic growth, using the Calvin cycle for C0,-fixation, but greatest activity was reported when a source of organic carbon as well as oxidizable iron or minerals was supplied (Golovacheva & Karavaiko, 1977; Norris et al., 1980; Marsh & Norris, 1983; Wood & Kelly, 1983) . Virtually nothing is known, however, about the relationship of inorganic substrate oxidation to organic carbon and C02-assimilation. Little is known of the extent to which mixotrophic carbon and energy metabolism occurs or of the mechanisms by which sugars are metabolized.
We have characterized the mechanism of glucose metabolism and mixotrophic growth on several sugars and ferrous iron by a newly isolated thermoacidophile. As glucose and C 0 2 were the only carbon substrates available, the sum of 14C incorporation from them was a direct measure of biomass production. This could be correlated with the concurrent iron oxidation and used to calculate growth yield in terms of carbon fixed (mol FeSO, oxidized)-I . Growth rates were very similar when expressed either as iron oxidation or 14C incorporation relative to time (Fig. 2 ). Rates were little affected by providing cultures with additional bicarbonate or by limiting access to atmospheric C 0 2 in sealed flasks (Fig. 2) . Differential plots of * 4C incorporation relative to iron oxidized, under the various growth conditions detailed in (Fig. 3a) . Carbon from 14C02 contributed about 18.5 % of the total carbon assimilated during growth on glucose + C 0 2 (Fig. 3a, Table 1 ) . Total biosynthesis indicated a yield of 264 mg carbon (mol FeSO, oxidized)-l . Expression of yield in these terms is valid as glucose and C 0 2 incorporation virtually ceased when no ferrous iron remained in the cultures. Incorporation of 14C from glucose was greatest by cultures in sealed flasks without added bicarbonate, in which little atmospheric C 0 2 was available (Fig. 3a) . Mass balance estimations for cultures growing on glucose under various conditions (Table 2a ) showed that about 75% of the initial 1 mwglucose remained unchanged in the culture medium at the end of growth and very little glucose was lost as C 0 2 . The ratio of 4C incorporated to that presumed oxidized to C 0 2 was 2 : 1 ( Table 2a) . Loss of fixed 14C02 from the bacteria into the medium was insignificant. Comparison of incorporation of glucose during growth Strain ALV was grown in sealed flasks containing air or air with 6% (v/v) C 0 2 in 50 mMFeSO, medium supplemented with glucose labelled in either C-1 or C-6. If the proportion of glucose incorporated was significantly greater than that oxidized, a relatively small difference would be expected in the amount of 14C assimilated from C-1 and C-6. This would contrast with most heterotrophic mechanisms of glucose metabolism, in which C 0 2 release from C-1 would exceed that from C-6. Relative incorporation of 14C from C-6 and C-1 indicated 3.35 and 2-60 mmol (mol FeSO, oxidized)- (Fig. 3 b) . The slight preference for C-6 was consistent with only limited oxidation of glucose and with preferential release of C 0 2 from the C-1 position. The addition of 6% C 0 2 slightly depressed total 14C incorporation ( Fig. 3 b) , confirming the limited refixation of Cot released by glucose oxidation.
Mixotrophic metabolism in a thermoacidophile
Growth on [ U-14C]sucrose Doubling time, measured as pFe or 14C incorporation from sucrose, was about 3.5 h (Fig. 4a) . Comparison of 14C incorporation (relative to iron oxidized) from sucrose labelled in the whole molecule or specifically in the glucose or fructose moiety showed that no discrimination was made in incorporation of the two component hexoses. Although chemical hydrolysis of sucrose occurred during the experiment, the lack of discrimination indicated sucrose to be incorporated intact, as non-equivalent incorporation of glucose and fructose was observed when mixtures were provided (see following section). Analysis of the medium at the cessation of growth (Table  2b) demonstrated that approximately equal amounts of 14C had been incorporated into the bacteria and lost from the culture, presumably as 14C02, but that 75 %of the 14C remained in the solution.
Comparative incorporation of 14C-labelled sugars by strain AL V pregrown on glucose, fructose or sucrose Organisms previously grown on glucose incorporated considerably more I4C from fructose than from glucose when inoculated into media containing one or other sugar (Fig. 5a) 5.73 for fructose. In media containing both sugars, glucose considerably depressed fructose assimilation (to 3.28) but fructose had no significant effect on glucose assimilation (Fig. 5a ). This meant that cultures growing with 1 mM each of glucose and fructose incorporated a total of 5.5 mmol hexose (mol FeSO, oxidized)-or the same amount as incorporated from fructose as sole substrate.
Mix0 troph ic metabolism in a t hermoacidop h ile
Essentially similar results were obtained when the organisms were pregrown on fructose (Fig.   5 b) . Relative incorporation rates [mmol hexose (mol FeSO, oxidized)-'1 were 4-89 and 1 -84 for fructose and glucose alone, but 3.29 and 1-89 for fructose and glucose, respectively, from mixtures. C 0 2 fixation during growth on fructose alone or mixed with glucose was not determined. C 0 2 contributed no more than 20% of the total carbon during growth on glucose, so it can be concluded that growth yield relative to iron oxidation was considerably enhanced when fructose was used. Organisms previously grown on sucrose also incorporated fructose more rapidly than glucose when provided with both sugars (Fig. 5 c) . Their incorporation of [U-14C]sucrose was equivalent to about 5.6 mmol (mol FeSO, oxidized)-l , compared to 2.9 and 2-2 for fructose and glucose, respectively. As each sucrose molecule is equivalent to two hexoses, total carbon incorporation from sucrose slightly exceeded that from fructose and glucose.
Uptake of glucose Washed suspensions of glucose-grown strain ALV exhibited concentration-dependent rates of uptake of [U-14C]glucose over the range 3-264 p~. Uptake rates using concentrations of 150-260 p~ were indicative of passive diffusion, as Lineweaver-Burk plots of the reciprocals of rates against reciprocals of concentration extrapolated linearly to zero. Over the lower range of concentration (3-1 00 p~), Lineweaver-Burk plots indicated a high affinity, low V,,, uptake system with a K, of 5.4 p~ and V,,, of 8.7 nmol rnin-l (mg organism protein)-'. * Protein content of cell extract = 6.6 mg ml-l.
Glucose uptake was inhibited by fluoride and by all the uncoupling agents tested (Table 3) . It was not severely inhibited by cyanide or by low concentrations of arsenate (10 mM). The analogue 3-0-methylglucose did not inhibit uptake at 10 mM.
Radiorespirometric studies on glucose oxidation
Using standard radiorespirometric techniques (Wood et al., 1977) , the cumulative release of 14C02 from each of the carbon atoms of glucose (Fig. 6a) was greatest from C-1 (55 nmol from 66.6 nmol glucose) followed by C-4 (45.3, C-2 (34), then C-6 and C-3 (31.5 and 30.5). From two to five separate determinations for each, mean ( f 0,-values for 14C02 release were C-1 (52.8 + 3~0 )~ C-2 (35.5 f 2.4), C-3 (32.4 & 2.6) and C-4 (42.9 ~f: 3.8). The time course of release and the interval release data (Fig. 6b) demonstrated, however, that the sequence of oxidation was C-1 > C-2 > C-3 > C-4 > C-6, with C-4 release peaking significantly later and lower than that of C-1 and C-2. Release of 14C02 from [l-14C]glucose was severely inhibited by fluoride at 1 mM (98%) or 25 mM (100%). Ribose (1 mM) had little effect on C-1 release (56.1 nmol) but stimulated C-2 release (46.1 nmol) by 36% over the control (Fig. 6c) .
Enzymes of glucose metabolism in strain ALV
Glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase were demonstrated at high specific activity (Table 4) . They appeared to function equally well with NAD' or NADP+ as coenzymes; lack of additive activity with both coenzymes indicated that they had a non-specific requirement for NAD+ or NADP+ . Low levels of NADH and NADPH oxidase were present but no activity could be demonstrated for KDPG aldolase or for 6-phosphogluconate dehydratase + KDPG aldolase in the coupled assay used to detect these key enzymes of the Entner-Doudoroff pathway.
Ribulose bisphosphate carboxyiase in strain AL V grown under various conditions
When grown autotrophically (Wood 8z Kelly, 1983) strain ALV exhibited RuBPC activities of 13.0 f 7.7 nmol C 0 2 fixed min-(mg dry wt)-(mean & Q,-1, three determinations). When grown on FeSO, with glucose or fructose, (1-4 mM), mean specific activity was 9.1 & 7.7 (10 determinations), indicating that significant activity of the Calvin cycle could have occurred during mixotrophic growth on the sugars.
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Heterotrophic growth of strain ALV on glucose
Growth on glucose in the absence of FeSO, using inocula (10 %, v/v) from fully-grown cultures on SOmhl-FeSO, + 1 mhl-glucose was extremely poor in media containing 1 mhl-glucose alone or with 1 mhl-thiosulphate. Over a 40 h period only 6 and 14 nmol glucose were assimilated (ml culture)-l , indicating doubling times of up to 18 h. Prolonged incubation (> 100 h) showed growth to continue at this rate, resulting in overall assimilation of about 20 pg carbon ml-after 110 h, equivalent to about a quarter of the initial glucose.
DISCUSSION
Perhaps the most striking property revealed by this study of the thermoacidophile, currently known only as strain ALV, is its preferentially mixotrophic mode of metabolism. Autotrophic growth of the organism on iron is possible (Wood & Kelly, 1983) , as is slow heterotrophic growth, but the most rapid growth is that seen with mixtures of iron and organic substrates such as the sugars used here. The concerted use of substrates is virtually obligatory under the conditions employed : autotrophic growth requires C 0 2 concentrations above normal atmospheric levels, and the incorporation of sugars virtually ceases when all oxidizable iron has been consumed, even though ample sugar remains in the culture medium. It seems that carbon is derived in these mixotrophic cultures simultaneously from C02-fixation by means of the Calvin cycle and from direct assimilation of sugar-carbon. Energy for growth would appear to be provided largely by iron oxidation, as the amount of sugar oxidized by growing cultures is considerably less than that assimilated and the growth yields observed are more like those seen with autotrophic than heterotrophic organisms. It is clear that sugars are assimilated directly, rather than by being oxidized to C 0 2 to supply additional carbon for the Calvin cycle, since : (a) incorporation of 14C from glucose was not significantly affected by raised C 0 2 levels as would have occurred if C 0 2 were an intermediate in glucose assimilation; and (b) carbon was incorporated to a greater extent from the C-6 than from the C-1 of glucose, as would be expected if conventional metabolic pathways operated in the thermophile. Differences in extent of incorporation of different sugars, and consequently differences in yield, probably reflect both the relative rapidity of uptake of different sugars and the level of supplementary energy available from their metabolism.
Uptake of glucose by strain ALV seemed likely to involve an energy-dependent transport process, because of its sensitivity to diverse uncoupling agents. The relative insensitivity of transport to cyanide and arsenate probably rules out the involvement merely of processes requiring high-energy phosphate. Only limited use can be made of the inhibitor data because of possible indirect effects, such as acidification of the cytoplasm following loss of membrane integrity, and lack of knowledge of the action of FCCP and TTFB at acid pH values. The extreme sensitivity of glucose oxidation and uptake to fluoride is possibly indicative of a p hosp hoenolpyruvate (PEP)-dependent p hosp hotransferase system (PTS). Fluoride is the classical inhibitor of enolase in the Embden-Meyerhof-Parnas (EMP) sequence, blocking PEP production and hence preventing sugar uptake by the PTS. This finding would suggest that strain ALV employed a mechanism whereby significant PEP synthesis could occur. This might be directly from sugars taken up, using the EMP pathway; from formation using phosphoglycerate generated by the Calvin cycle; or by some more involved route. The mechanism of glucose oxidation was investigated by radiorespirometry and enzyme analysis in order to resolve this point.
The EMP pathway was indicated by radiorespirometry not to be significant, as there was no obvious correlation of release of the C-3 and C-4 atoms of glucose and the amounts of these atoms released were both lower and later than that of C-1 (and in some cases C-2). The lack of correlation of release of C-1 and C-4 similarly indicates little role for the Entner-Doudoroff pathway, which was in fact ruled out by the failure to demonstrate the key enzymes of this pathway in glucose-grown organisms. The radiorespirometry data and the presence of high levels of glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase are Fig. 7 . Sequence and quantities of C 0 2 release from glucose during oxidation by the oxidative pentose phosphate cycle (calculated after Krebs & Kornberg, 1957) . Fig. 8 . Origin and sequence of C 0 2 release by further oxidation of 'C3-units' (glyceraldehyde 3-phosphate) generated by the oxidative pentose phosphate cycle (Fig. 7) wholly consistent with the belief that glucose oxidation proceeded mainly, if not exclusively, by the oxidative pentose phosphate cycle (Krebs & Kornberg, 1957; Mahler & Cordes, 1966) . The extensive and sequential release of the C-1, C-2 and C-3 of glucose are indicative of this pathway, by the operation of which the C-1, C-2 and C-3 are sequentially released during the first, second and third turns of the cycle (Fig. 7) . The fourth turn of the cycle releases C-2 and C-3 exclusively in the ratio 1 :3; a fifth turn would also release only C-2 and C-3 in the ratio 4 : 12. From these data (Fig. 7) , one can calculate that four turns of the cycle should produce CO, from the C-1, C-2 and C-3 of the original glucose in the ratio 100 : 81.5 : 59.2. The observed values were 100 : 67 : 61 (with extreme values of 61-76 and 55-69 for C-2 and C-3), which indicate that the oxidative pentose phosphate cycle is likely to have predominated as the primary mechanism of glucose oxidation. Recovery of less than the predicted proportion of C-2 as CO, could result if pentose were diverted, for example, into nucleotide synthesis. Added ribose stimulated C-2 release (Fig. 6c) and probably overcame this side-effect, as the ratio of C-1 to C-2 release in its presence was 100 : 82, in close agreement with that predicted if the cycle accounts for all glucose oxidation. Four turns of the cycle produce 80 mol 'C3 units' per 100 mol glucose (Fig. 7) . These are constituted exclusively from the C-4 to C-6 of the original glucose and must also be further metabolized. Two possibilities exist: (a) the oxidative pentose phosphate route: oxidation by the oxidative pentose phosphate cycle after aldol condensation and formation of glucose (Fig. 8) ; or (b) the TCA route: conversion to PEP and pyruvate followed by oxidation through the tricarboxylic acid cycle (Fig. 8) . By the former, sequential release as CO, of the C-6, C-5 and C-4 of the original glucose would occur. It is clear from the radiorespirometry data (Fig. 6a, 6 ) that this did not occur. By the TCA route only C-4 would be released by the first two decarboxylations (Fig. 8) . Since 80 mol 'C3 units' could thus be decarboxylated by this route from the original 100 mol glucose, one can predict that the ratio of release of C-1 to C-4 should be 100 : 80. The observed ratio was 100 : 81, indicating the interpretation to be feasible. Since all the 'Cj units' generated (equivalent to 40% of the initial glucose) would thus pass through PEP during their subsequent metabolism, the organism could generate ample PEP to drive a PEP-PTS transport mechanism for glucose and an explanation of the potent inhibitory effect of fluoride is obvious. Clearly, further work is required to elucidate the transport mechanism. It is apparent that while this organism, and presumably the related and similar strains from other environments, exhibits a number of unusual physiological properties, its basic metabolic processes are in accord with the fundamental unity of prokaryotic biochemistry.
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